IVH remains a major cause of death and of handicap amongst the survivors of neonatal intensive care (17, 18) . The introduction of CAT and ultrasound scanning of the brain has facilitated improved diagnosis and grading of IVH (17, 19) , and studies have identified clinical and physiologic factors that may be associated with its pathogenesis (7, 10) . More detailed analyses of the physiologic conditions, particularly with reference to intracerebral haemodynamics preceding IVH, have been few. Most of the measurements of CBF that have been made in preterm infants have resulted from studies using radioactively labeled xenon, (1 1, 12) . It is not possible to make repeated measurements in an individual baby using this method and in the United Kingdom the technique is generally regarded as unethical. There is a need to establish a safe, non-invasive method for the continuous monitoring of CBF.
The use of several non-invasive methods for obtaining information related to CBF in newborn infants has been described in the literature. These include 1) monitoring intracranial pressure by placing a transducer over the anterior fontanelle (22) , 2) using ultrasound to measure blood flow velocity in the anterior cerebral artery (1, 2) , and 3) jugular venous occlusion plethysmography using a strain gauge around the OFC (3, 4) .
Intracranial pressure can be measured continuously, but we believe it to be of limited value as changes in CBF are not directly reflected by changes in intracranial pressure. Doppler ultrasound gives only a highly indirect indication of flow by measuring the pulsatility index which, by comparing systolic and diastolic blood flow velocities, gives an estimate of the vascular resistance.
Strain gauge measurements can only be intermittent and the quantitative accuracy is limited. The strain gauge method has been shown to detect an increase of CBF in response to inhaled 2% C 0 2 in air, and a decrease of CBF in response to inhaled 100% oxygen in the newborn baby (9, 21) .
We have previously investigated the suitability of electrical impedance plethysmography for the measurement of cardiac output (5) and limb blood flow (6) in the newborn and found that a reliable continuous estimate of flow can be made. Many workers have collected pulsatile electrical impedance data from the adult human head (8) . Namon et al. (15) found that the height of the pulsatile impedance signal varies linearly with respect to CBF. The method has been used to monitor changes in the CBF of individuals passing between different sleep states (1 3), and during the inhalation of increasing C 0 2 concentrations (15) . This communication investigates the applicability and validity of this method in sick newborns by comparing the performance of the impedance and strain gauge methods in following the changes in CBF in individual babies while breathing room air, 2% C02 in air, and 100% oxygen.
MATERIALS AND METHODS

Electrical impedance measurements.
A Celectrode impedance system was used. Pairs of flat German silver disc electrodes, 0.8 cm in diameter, were mounted on adhesive tape, (Blenderm 3M) so that the distance between their centres was 2.5 cm. The electrodes were applied to the baby on the OFC using electrode jelly (Cambridge Electrode Jelly), one pair being placed over the centre of the forehead and the other over the occiput. The instrument used in this study was the same as that used in a previous study of limb blood flow (6) . It produced a constant amplitude sinusoidal alternating current of 2 mA rms at 100 kHz and had an output impedance of 13 Kohms. The current was applied between one of an electrode pair and the contralatera1 electrode of the other pair. The voltage representing the electrical impedance was recorded between the remaining contralateral electrode pair (Fig. 1 ).
Strain gauge measurements.
A mercury-in-rubber strain gauge was used (3). The strain gauge was positioned on the OFC over the impedance electrodes (Fig. 2) . Venous occlusion plethysmography was performed as has been described previously (3), and the gauge was calibrated in situ using a pneumatic calibrating device.
Gas measurements. C02 concentrations were analysed continuously throughout each study via a small silastic nasal catheter using a mass spectrometer (MS2, Cyprane Ltd.). Measurements of end tidal CO2 were made from breaths in which there was a good plateau of C02 concentration. Under these conditions, end tidal C02 is equivalent to alveolar C02, PAco2. Ps02 was measured continuously using a Radiometer electrode, (TCM I), on the anterior abdominal wall, the electrode being maintained at 43.5"C.
Recordings.
Recordings of ECG, pulsatile impedance, AZ, ohm, strain gauge output and the respiratory C02 concentrations were made using a Cchannel Hewlett Packard direct writing recorder, type 7404A. Pulsatile recordings were made with a paper speed of 2.5 cm/s and venous occlusions at 1 cm/s. Zo ohm and Ps02 were noted throughout the study at frequent intervals.
Experimental procedure. Each baby was brought to the laboratory immediately after a feed, the transducers were attached, the baby was then swaddled in the hope, usually fulfilled, that it would sleep throughout the study period. A mixture of 2% CO2, 21% oxygen, and 77% nitrogen, (2% CO2) and 100% oxygen were administered via a polythene funnel held over the baby's muzzle area, but clear of the skin (Fig. 2) . Each baby was studied breathing gases in the sequence: air; 2% C02:air; 100% oxygen. No measurements were made until the baby had been breathing the relevant gas for at least 5 min.
We found that the end tidal C02, while breathing 2% COz, and Ps02, while breathing 100% oxygen, had always stabilised by this time. From the third study onward, the signal from the mass spectrometer was displayed alongside the impedance and strain gauge signals so that it was seen that the baby had received a steady supply of 2% C02 before any recordings were made. We found it necessary to allow the oxygen to flow into the mask at 10 l/min to prevent a significant build-up of CO2 within the funnel. As soon as a satisfactory recording of impedance pulsations had been obtained, venous occlusion plethysmography was performed. We tried to achieve at least 10 satisfactory occlusions in each gas.
ANALYSIS OF RECORDINGS
Electrical impedance measurements. The baseline of the pulsatile impedance record usually followed breathing (Fig. 3) . In 292 COSTELOE ET AL.
order to compensate for this, the maximum impedance, pulse height was taken as the height from the peak of the impedance pulse to a line drawn from the beginning to the end of the pulse. Ten consecutive pulses were analysed from each trace before venous occlusion. It was possible to analyse impedance pulses between individual venous occlusions and this was done in each gas.
Strain gauge measurements. Cerebral blood flow was calculated from the strain gauge recordings as has been described previously from this Department (3). The traces were then analysed in the method described by Cross et al. (4) , which fits exponential curves to the inflow and outflow phases of the occlusions. This enables the calculation of a value for total Fc to be made where:
where CBFa represents the flow calculated from the slope of the first pulse of the occlusion slope; Ki, time constant of the exponential curve of the inflow slope; and KO, time constant of the exponential curve of the outflow slope. Whenever possible at least 10 occlusions in each gas were analysed in this way and a mean value for Fc was calculated.
Reproducibility. The reproducibility of the pulsatile impedance and strain gauge measurements was investigated by calculating the CV of the pulses measured in each gas mixture in each baby:
Subjects. The babies studied were all full-term healthy infants born in the John Radcliffe Hospital. The study was approved by the Hospital Ethics Committee. The procedure was explained in detail, always to the mother and usually to both parents, and written consent was obtained. The mother was encouraged to and usually did attend the study.
RESULTS
A total of 12 babies was studied. Four of these yielded no useful comparative data: three never settled down and although the fourth was less restless, the impedance trace was very noisy throughout and not suitable for analysis. The mean age of the remaining eight babies was 4 d (range, 3-8 d), and the mean weight was 3406 g (range, 2825-4130 g). Measurements in all three respiratory gases were made in seven babies; in the eighth (baby Mo, Table l), the impedance trace was intermittently noisy and the record made during 100% oxygen breathing was not analysed. The measurements made in C02 in baby Ca were discarded as a brief power cut early in the study resulted in a loss of vacuum in the mass spectrometer with ensuing inability to measure respiratory C02.
During the first two studies the signal from the mass spectrometer was displayed on a second pen recorder that was not visible to those making the measurements. Upon analysing the measurements, we realised that these babies, (Ba and St, Table I ), had received variable C02 concentrations. In the case of Baby Ba, the administered C02 concentrations ranged between 0.3-1.6% and that to baby St was between 1.4-2.4%. Baby Ba showed no change in end tidal C02, whereas that of Baby St rose by only 1.8 mm Hg. The increase in end tidal C02 seen in those babies known to have received a steady supply of 2% C02 ranged between 3.5-7.9 mm Hg.
Room air was breathed directly from the room while both 2% C02 and 100% O2 were administered via a funnel. There were no obvious changes of respiratory pattern while changing from one method of gas delivery to the other, and it is not considered that any changes in CBF noted are attributable to this difference.
In summary, useful data in C02 was recorded from seven babies, two of these (Ba and St) are known not to have received a steady supply of 2% C02. Useful data in 100% oxygen were recorded from these seven babies in one of whom (Baby Su) it was not possible to measure PsO2.
Paired t tests were performed in order to compare the meas- urements of impedance pulse height measured before and between occlusions in each gas in each baby and there was no significant difference between these values (P > 0.1). Neither was there any significant difference in the pulsatile impedance measurements nor the strain gauge measurements made in air before C 0 2 administration, compared with those made in air between COz and 100% oxygen administration, P > 0.1. These measurements were, therefore, used together and the values for impedance pulse height given below are the mean values of the measurements made before and during the occlusion phase of the experiment, whereas the AZ and Fc values in air are the means of all measurements made before and after C 0 2 administration. These results are shown in Results in C02. The measurements made from the two babies (Ba and St), who were known to have received variable C02 concentrations and who had had either no increase or a small increase in end tidal C02, showed that there was a decrease in both Fc and AZ in Baby Ba and a decrease in Fc of 22% in Baby St, the decrease in the latter case being associated with a small (0.8%) increase in AZ. Both variables, AZ and Fc, increased as expected in the five babies known to have received 2% CO2 for 5 min. In these five babies, the mean AZ per m m Hg increase in end-tidal C 0 2 was 4.5%, whereas that of Fc was 2.4%.
Results in 100% oxygen. Six of the seven pairs of measurements made in 100% oxygen showed a fall in both Fc and AZ. The seventh study, Baby Wi, indicated the expected decrease in AZ, (-10.6%), but a large increase of 36.9% in Fc. This study is discussed below. The mean percentage change in AZ in 100% oxygen was -19.5% whereas the mean change in Fc was -8.5%. If the strain gauge result from Baby Wi is excluded, the change in Fc is -16%.
Reproducibility. The reproducibility of the variables Fc and AZ is summarised in Table 2 .
DISCUSSION
This study attempts to validate the use of electrical impedance plethysmography for continuous estimation of CBF in the newborn by comparing its performance in following the expected changes of CBF in response to breathing 2% C 0 2 and 100% oxygen with that of jugular venous occlusion plethysmography using a strain gauge. The results of this study are very encouraging. In all five studies in which the baby was known to have received a steady concentration of 2% C02 for 5 min before recordings were made, the expected increases in Fc and AZ, believed to indicate increased CBF, were seen. In six of seven studies using 100% oxygen a fall in those variables was seen indicating reduced CBF. Four of the seven C02 studies and three of the seven oxygen studies showed a change of AZ within + 10% of the percentage change of Fc.
The technique of jugular venous occlusion plethysmography using a strain gauge around the OFC was chosen as the method with which to compare the impedance method, as it is the only non-invasive method currently available that has been used to give a quantitative estimate of CBF in the newborn. The strain gauge method has never itself been evaluated against any other more direct measurement, although it has been used to detect changes in CBF in individual babies. The values calculated for CBF using this method are usually lower than values obtained using invasive techniques, the latter of which is believed to be more accurate. The low values obtained when making strain gauge measurements are thought to be due, predominantly, to the low compliance of the skull limiting the expansion of the head during occlusion and to a lesser extent to the presence of unoccluded venous channels and to the anisotropic character of skull expansion (3). The effect of the unoccluded venous channels should be overcome by using the method of analysis described 
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by Cross et al. (4) , which takes account of the slope of the strain gauge signal both during and immediately upon release of venous occlusion. The more important effect of skull compliance is likely to vary widely between different babies as the fontanelle size and the degree of suture separation varies. This effect results in the.strain gauge method being unsuitable for making comparative measurements of blood flow between different babies. It is for this reason that the present study comparing the two methods in a small group of babies was undertaken while changing the CBF by altering the inhaled CO2 and the oxygen concentrations and then considering the results in each baby individually.
It has been shown previously that full-term babies given a steady supply of 0.5% C 0 2 to breathe show unpredictable changes of CBF as measured by the strain gauge (21) , and this would seem to explain the results of babies Ba and St, neither of whom showed a significant increase in end tidal COr. The increases of AZ and Fc per mm Hg increase of alveolar COz in those babies who received 2% C 0 2 of 4.5% and 2.4%, respectively are lower than the 7.8% increase found using the strain gauge method by Leahy et al. (9) . The end tidal COz was not measured in the study by Rahilly (21) but the proportional increases in CBF while breathing 2% CO2 were higher than in the present study, ranging from 21-170% as opposed to 2.6-26% using Fc and from 6-48.5% using AZ in the present study. Why the response of the cerebral vasculature to an increase of inspired C 0 2 should be less in the present group of babies is not clear; the changes found by the other workers do seem to be very high. Oleson et al. (16) , working with adult humans and using an invasive method using radioactive labeled xenon, suggest that there is a 4% increase of CBF per mm Hg increase of arterial C 0 2 tension, this result being closer to that of the present study.
The results in 100% oxygen are very encouraging, the only unpredicted finding was the apparent increase in Fc seen in Baby Wi. It has not been possible to explain this finding. There is no doubt that this child received adequate oxygen as the Ps02 was recording 330 mm Hg at the time of these measurements. There is a question as to whether the strain gauge might have slipped but the mechanical calibration produced the same signal throughout the study. The percentage change of AZ in 100% oxygen of -19.5% and the change of Fc of -16% (considering the data with the result from Baby Wi excluded) compare favourably with -15% found by Leahy et al. (9) both results being less than -32.8% of Rahilly (21) .
Although the direction of the measured changes of Fc and AZ in this study were largely as expected, in only seven out of 14 studies was the observed change in AZ between f 10% of the change of Fc. It is not known how the compliance of an individual baby's head varies as the CBF in that child changes and it is not known if the apparent changes of flow detected by the strain gauge method are linearly related to the true changes of flow; it is possible that they are not. This consideration may in some part account for the failure of the methods to show quantitatively similar changes. This failure is also attributable to the impedance method both in regard to technical aspects and to the comparatively poor reproducibility found in this study (Table 2) . It is an oversimplification to consider the pulsatile impedance signals to be due solely to the pulsatile blood volume changes within the brain. There are other significant contributions to this signal which are unlikely to change in a linear fashion with the true CBF. The most important of these are the contributions from the extra-cerebral circulation, which have been found to be up to 20% of the total signal in adults (23) , and the effect of change of red cell orientation and acceleration associated with arterial pulsations, which has been estimated to represent up to 15% of the total signal (20) .
The most significant problems that we found while using the impedance method are those of noisy signals and of poor beatto-beat reproducibility. We believe that this is a problem of electrical contact in certain babies. We tried different electrodes, but regardless of type used, there were babies from whom it was impossible to obtain satisfactory records, despite their being still.
Why this should be is not obvious, but it does not constitute a major objection to the use of cerebral impedance. The problem of poor reproducibility is a more significant threat to the clinical usefulness of the method as it makes the masking of changes of the CBF more likely.
The wide variation of beat-to-beat measurements of AZ in this study was due both to gross body and respiratory-related movements. The mean values for AZ were calculated from at least 15 pulses and it is obviously important that such numbers of pulses are analysed if meaningful assessments of CBF are to be made. It should be remembered that the babies from whom these data were collected were all healthy full-term infants and it is apparent from studies currently being performed on smaller, sick babies, that these less active subjects yield more stable impedance traces. The manual analysis of large numbers of pulses as was done in this study was very time consuming and would limit the feasibility of using this method for long studies of babies under intensive care; the analysis may, however, be automated easily using a microcomputer. One criticism of the impedance method is that it cannot, in the present state of knowledge, give a quantitative measurement of CBF but can only be used to detect changes of flow in an individual baby. This criticism can also be made of the other non-invasive techniques. Numerical values for flow have been calculated from strain gauge measurements, but these cannot be accurate because of the limitations of the method discussed above. We are developing an electrical model of the newborn head to predict electrical impedance changes recorded at the surface in response to changes of the intra-cerebral contents (14) . Using this model it may be possible to relate impedance changes such as those seen in this study to changes in intracerebral blood volume.
We have found that it is easy to make pulsatile cerebral impedance measurements in the majority of newborn babies. The method is easier to perform than the venous occlusion plethysmography using the strain gauge and the results are as good. It involves less interference with the baby and is therefore potentially more suitable for the study of babies under intensive care. We believe that the impedance method has more potential than Doppler ultrasound for making continuous long term recordings such as are needed to elucidate changes in CBF associated with the events which may be involved in the pathogenesis of IVH.
